Abstract
Introduction
Today, direct torque control (DTC) and nonlinear control (NLC) are considered the most important techniques for achieving high dynamic performance in AC machines. The DTC scheme has grown due to several factors, such as quick torque response and robustness against the motor parameter variations [1] . The conventional DTC algorithm using the hysteresis-based voltage switching method has the relative merits of a simple structure and easy implementation. The performance of such a scheme depends on the error band set between the desired and measured torque and stator flux values. In addition, in this control scheme, the inverter switching frequency is changed according to the hysteresis bandwidth of the flux and torque controllers and the variation of the speed and motor parameters. Superior motor performance is achieved by narrower hysteresis bands, especially in the high speed region.
To overcome the technique's drawbacks, several methods have been presented. DTC with space vector modulation (SVM) is based on the deadbeat control derived from the torque and stator flux errors. It offers good steady-state and dynamic performances with reduction in the phase current distortion and fast torque response. However, this technique has limitations in being computationally intensive [2] [3] [4] [5] .
In recent works [6, 7] , modified direct torque and flux control schemes were proposed based on sliding-mode control (SMC). It is well known that the sliding-mode controller rejects perturbations that verify the matching conditions. This important feature of robustness makes the controller suitable for this application in order to overcome parameter mismatches. The drawback of this combination (DTC-SMC) is that using the saturation function introduces a persistent static error and the need for knowledge of the dynamics of the system. A control technique [8] was developed for matrix converters that generates, under unity input power factor conditions, the voltage vectors needed to implement the DTC for induction motors. The switching state of the matrix converter is selected from a matrix-switching table, which was developed based on a conventional voltage source inverter switching table.
Fuzzy logic controllers have been used in DTC systems in the past few years. In [9] [10] [11] , a fuzzy logic controller was used to select voltage vectors in conventional DTC. For the duty ratio control method, a fuzzy logic controller is used to determine the duration of the output voltage vector at each sampling period.
The adaptive neural fuzzy inference system method is based on fuzzy logic and artificial neural networks for decoupled stator flux and torque control. The stability will be affected by parameter variation and the system model must be known, as the system's dynamic performance and stability will be significantly affected by parameter variations [12] .
To solve this problem, adaptive nonlinear control methods such as the adaptive input-output feedback linearization (IOFL) technique, adaptive backstepping control technique, and sliding-mode and adaptive SMC techniques have been applied to induction motor (IM) drives [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In those studies, an adaptation law was developed to compensate for the parametric uncertainty of the stator and rotor resistance and the external load torque of the IM. The contribution of this paper is to describe a robust DTC with space vector pulse-width modulation (DTC-SVPWM) method for torque and flux control of an IM drive based on the IOFL technique. Simulation results demonstrate the feasibility and validity of the proposed DTC system in effectively accelerating the system response, reducing torque and flux ripple, and achieving a very satisfactory performance.
IM model
The model of the IM expressed in the stationary " αβ " axes reference frame can be described by [13] :
Here, i s , Φ s , V s , R , and L denote stator currents, stator flux, stator voltage, resistance, and inductance, respectively, ω r denotes the rotor speed, and M is the mutual inductance.
LsLr is the redefined leakage inductance.
The generated torque of the IM can be expressed in terms of stator currents and stator flux linkage as:
where p is the number of pole pairs.
The mechanical dynamic equation is given by:
where J and T L denote the moment of inertia of the motor and the load torque, and ω m is the rotor mechanical speed (ω r = pω m ).
For the proposed nonlinear IOFL controller, the state coordinate transformation is applied. Therefore, the state coordinate's transformed model from Eq. (1) can be rewritten in a compact form as [18] :
where x is defined as: 
At this stage, the generated torque, T e , and the squared modules of the stator flux linkage,
are assumed to be the system outputs. Therefore, by considering:
controller objectives y 1 and y 2 can be defined as:
Input-output feedback linearization
For the linearization of the nonlinear model in Eq. (4), the controlled variable is differentiated with respect to time until the input appears. This can be easily done by introducing the Lie derivative.
Lie derivatives
Consider the system in Eq. (4). Differentiating output y with respect to time yields [19] :
where 
Relative degree of a nonlinear system
For nonlinear systems, the relative degree r of the system in Eq. (4) corresponds to the number of times the output y = h(x) has to be differentiated with respect to time before input u appears explicitly in the resulting equations.
The system in Eq. (4) is said to have a relative degree r , 1
where
Using the above notation, we can obtain the relative degree.
Relative degree of the torquė
with
The relative degree of y 1 (x) is r 1 = 1.
Relative degree of the fluẋ
The relative degree of y 2 (x) is r 2 = 1.
Decoupling matrix
The matrix defining the relation between physical input u and output derivative y(x) is given by [20] :
det(E) = 3p
using the induction motor model of Eq. (1):
and linking Eqs. (16) and (17):
It is clear that matrix E(x) is always reversible. The product of the stator flux and rotor flux cannot be equal to zero, and the following IOFL is introduced for the system given in Eq. (4):
, are the new inputs.
Substituting Eq. (12) into Eq. (9), the system dynamics are:
To ensure perfect regulation and track the desired signals of the flux and torque toward their reference, V 1 and V 2 are chosen as follows [13] :
Here, the subscript 'ref' denotes the reference value and (k 1 , k 2 ) are constant design parameters to be determined in order to make the decoupled system in Eq. (14) stable. The behavior of the linearized model is imposed by the pole placement method. The coefficients selected, such as s + k 1 and s + k 2 , are the Hurwitz polynomials [19] .
Voltage space vector PWM
The voltage vectors, produced by a 3-phase pulse-width modulation (PWM) inverter, divide the space vector plane into 6 sectors, as shown in Figure 1 . 
where T 0 , T 1 , and T 2 are the work times of basic space voltage vectorsV 0 ,V 1 , andV 2 , respectively. 
Sensitivity study and simulation results
In this section, the effectiveness of the proposed algorithm for torque and flux control of an IM is verified by computer simulations. The block scheme of the investigated DTC-SVPWM for a voltage source inverter-fed IM is presented in Figure 3 . A series of tests were conducted to check the performance of the proposed system. In all Figures, the time axis is scaled in seconds. The coefficients of the conventional motor speed proportional-integral controller were chosen as (K p = 4.66, K i = 77.77). Figure 4 shows the speed response of classical DTC and DTC based on the IOFL controller. The DTC-IOFL reacts faster than the classical DTC when load torque is suddenly applied and removed.
Variation of the load torque
Moreover, tracking performances were improved by the use of the DTC-IOFL law, in comparison with those of classical DTC. These properties make the new algorithm suitable for applications where high tracking accuracy is required in the presence of external disturbances.
Current ripple was also notable reduced in DTC-IOFL compared to classical DTC. A significantly lower ripple level in torque flux is shown in Figure 5 , and Figure 6 shows the trajectory of the estimated stator flux components. The new DTC has as good of a dynamic response as the classical control. 
Variation in the stator resistance
The influence of changes in the electrical parameters on the drive performance was investigated. Figure 7 depicts the drive performance for brusque changes in the stator resistance and illustrates the simulation results of the process of speed estimation with a speed reference equal to 30 rad/s. After R s increases by 50% and decreases by 50%, the variation in the stator resistance will not affect the controller performance. In the case of DTC-IOFL, the new algorithm shows more robustness against stator resistance variation compared to classical DTC. Figure 8 shows the drive dynamic under different values of inertia with a constant speed reference. It is clear that the speed tracking is significantly unchanged after J increases by 50% and decreases by 50% for DTC-IOFL compared to the classical controller. 
Variation in the inertia coefficient

Conclusion
We presented a robust DTC method for a voltage inverter-fed IM based on a SVPWM scheme combined with the IOFL technique.
The overall torque and flux control system was verified to be robust to the variations of motor mechanical and electrical parameter variations. Simulation studies were used to demonstrate the characteristics of the proposed method. It was shown that the proposed IOFL controller has better tracking performance and robustness against parameters variations as compared with the conventional DTC.
